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extend our investigation to the evolution of the magnetic relaxation of structures with different interaction energies. By determining the time dependence of the magnetization at different temperatures, we establish a link between the micro-magnetic nature of the magnetic elements and their collective dynamic response.
The relaxation of the square artificial spin ice was recorded using a custom built SQUIDmagnetometer. By recording the time dependent magnetization, the thermal excitations of the arrays could be followed in time. A schematic representation of the measurement protocol, the magnetic configuration of the array and plausible excitations are found in In this study, two arrays with different periodicity, d, but with the same size and geometry of the elements, were used, see Fig. 2a . The periodicity of the arrays is 380 nm and 420 nm, respectively. This implies a difference in interaction strength, as the distance between the elements is different in these samples. The magnetic interaction of the elements is stronger in the d = 380 nm array, as compared to the d = 420 nm array. This difference influences the magnetization as a function of temperature, with the transition from a frozen to a dynamic state occurring at higher temperatures for the sample with shorter distance between the elements 19 due to the stronger inter-island interactions.
In magnetic relaxation experiments it is important to start from a well defined state. To ensure that the arrays are fully dressed, several magnetization measurements were performed at different temperatures, M T RM (T ), using different cooling fields. It was found that a field of 800 A/m (10 Oe) is sufficient to dress the array in a configuration consisting of only Type- Fig. 2a ) of the array and the cooling starts. As the array is cooled the magnetization of the islands aligns with the applied field.The flipping rate of the islands is suppressed by the applied field and the low temperature. The cooling is halted at the desired measurement temperature (T m ) and stabilized there from t m to t 0 . At t 0 the applied magnetic field is switched off and the relaxation measurements start from a completely dressed array configuration of Type-2 states (I). After the field is switched off the islands can undergo reversals and thereby reduce the elements is negligible at this time scale. Above 160 K, the excitations of the arrays come into play, giving rise to rate dependent reduction in the magnetization. Since the thermal energy causes the excitations, the time needed for complete relaxation of an array is very long at low temperatures. On the other hand, the relaxation time will be much shorter at elevated temperatures. This in turn implies a restriction with respect to the available time window, and only a part of the relaxation of the magnetization can be obtained. To study the relaxation process in more detail, several temperatures in the interval 170 to 260 K were examined using the relaxation protocol described in Fig. 1 (see also Methods). The data for the d = 420 nm array is presented in Fig 3a, where it can be seen that for low temperatures the array is still close to the dressed (saturated) state due to the slow relaxation, while at elevated temperatures the array has almost completely lost the magnetization. A similar behavior is seen for the d = 380 nm array in Fig. 3b . However, the transition for this array is shifted to higher temperatures, as seen from the relaxation curves corresponding to the d = 420 nm array, which has significantly lower magnetization. It is noteworthy that the transitions for both arrays, take place at much lower temperatures than the intrinsic ordering temperature of the magnetic material, which is 410 K 19 (see Methods).
By selecting a specific time in the relaxation curves, the magnetization as a function of temperature for that observation time can be reconstructed. Such curves are shown for the d = 420 nm array in Fig. 3c for t=3, 30, 300 and 3000 s. For comparison a DC magnetization as a function of temperature measurement (M vs. T) at a heating rate of 3 K/min is also shown. As can be seen in the figure the points extracted from the relaxation measurement for 30 s and the direct DC measurement overlap.
In-between the high temperature (dynamic islands) and the low temperature (frozen islands) regions, there is an intermediate transition region where the relaxation rate is high.
This is more clearly seen in Fig. 3d which depicts the relaxation rate, S = dM/dlog 10 (t), at t = 300 s, for all measured temperatures for both the arrays. The minimum in the S(T ) curve, corresponding to the maximum in relaxation rate, occurs at about 20 K lower in temperature for the d = 420 nm array than for the 380 nm array. The temperature of the minimum for a specific time, t, can be used as a determination of the effective blocking temperature for the system.
The behavior in Fig. 3a and b illustrates the interdependence of the remanent magnetization on time and temperature. This is further elucidated in Fig. 4 were the magnetization is plotted as a function of temperature and time in a color map. It can be seen that the magnetization changes in a stripe like fashion, where a given value of the magnetization is not unique, but can be achieved through different combinations of time and temperature.
The contour lines in the figure have constant magnetization and are separated by the same magnetization step. This implies that the time and temperature dependence of the relaxation rate S is reflected in the density of contour lines, where a low density means a low relaxation rate. An alternative way of looking at the data presented in Fig. 3d is to look at contour line density along the gray lines at t=300 s in Fig. 4 . If the observation time is changed from 300s to a shorter observation time of 3 s, represented by the gray lines at t=3 s, the temperature of the maximum relaxation rate, increases by roughly 20 K. This accords with the shift of the M vs. T curves for different observation times in Fig. 2c and The relaxation in Fig. 3 occurs across a large time window and it is not described by a simple exponential function. However, a stretched exponential,
where β is the stretching exponent, M 0 is the magnetization at t = 0 and τ is the relaxation time, can be used to describe the relaxation process 16, 20 . To illustrate the influence of β, the stretched exponential decay in the time window 0.1 to 10 000 s is plotted in Fig. 5a , using τ = and does not describe the relaxation behavior illustrated in Fig. 3 . In Fig. 5a the relaxation data measured at 200 K is shown for the 420 nm array; comparing this to the stretched exponential curves one observes that it accurately matches the β = 0.15 curve. The 200 K data was also fitted to a stretched exponential decay, yielding τ ≈ 1000 s and β ≈ 0.15; red line in the inset of Fig. 5a . Extending this fitting procedure to the measured relaxation data, presented in Fig. 3a and b , the temperature evolution of τ can be studied. It should be noted that τ and β are strongly coupled and therefore physical meaningful fits can only be made in a relatively narrow temperature region (see supplementary material for more details). The energy barrier of the islands is expected to be rather similar for the two arrays, due to the fact that the islands have the same size and shape in the two arrays and the temperature ranges for the fits partly overlap. Therefore fits where the energy barrier was fixed to 4500 K were also made, yielding T 0 =77 K for the 380 nm array and T 0 = 60 K for the 420 nm array.
The individual blocking temperature, T B , of an island can be determined from τ obs = τ 0
, where τ obs is the observation time and is taken as 30 s. Using E B /k B = 4500 K a blocking temperature of approximately 160 K can be estimated. The energy barrier, E B , of the individual islands can mainly be attributed to their shape anisotropy. Using this approximation the energy barrier can be estimated from
where µ o is the vacuum magnetic permeability, M s (T ) is the magnetization of an island at temperature T , ∆N is the differential demagnetizing factor calculated using the Osborn co-wrote the paper. All authors contributed to discussing the results and writing the paper.
